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Chemi luminescen t  R e a c t i o n s  o f  E x c i t e d  Hel ium w i t h '  N i t r o g e n  a n d  Oxygen 

Mark Cher  . 
N o r t h  American A v i a t i o n  S c i e n c e  C e n t e r ,  Thousand Oaks,  C a l i f o r n i a  91360 

A b s t r a c t  

react  o u t s i d e  t h e  $ i s c h a r  e w i t h  n i t r o g e n  or o x y g e n ' c a u s i n g  t h e  e m i s s i o n  o f  
v i s i b l e  b a n d s  o f  N .  a n d  0 . . The  e m i s s i o n  i n t e n s i t y  o f  t h e s e b a n d s  d e c a y s  ' 

e x p o n e n t i a l l y  w i t h ' d i s t a n z e , '  a n d  t h e  d e c a y  c o e f f i c i e n t  d e p e n d s  on b o t h  t h e  
f l o w  r a t e  o f  h e l i u m  and  t h e  f l o w  rate o f  n i t r o g e n  o r  oxygen .  A t  c o n s t a n t  
f l o w  r a t e  of  h e l i u m  t h e  d e c a y  c o e f f i c i e n t  i n c r e a s e s  w i t h  i n c r e a s i n g  f l o w  ra te  
o f  a d d e d  g a s ,  b u t  t h e  d e p e n d e n c e  is  l e s s  t h a n  l i n e a r .  A t h e o r e t i c a l  a n a l y s i s  
o f  t h e  f l o w  s y s t e m  p r e d i c t s  t h e  e x p o n e n t i a l  d e c a y  a n d  a l i n e a r  dependence  
be tween  t h e  d e c a y  c o e f f i c i e n t  a n d  t h e  f l o w  r a t e  o f  added  g a s .  Comparison o f  
t h e  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  r e s u l t s  p e r m i t s  t h e  c a l c u l a t i o n  o f  a p p r o x i -  
mate v a l u e s  o f  t h e  r a t e  c o n s t a n t s  for t h e  r e a c t i o n s  p o p u l a t i n g  t h e  e m i t t i n g  
s t a t e s  a n d  t h e  d i f f u s i o n  c o e f f i c i e n t s  o f  t h e  e x c i t e d  h e l i u m  s p e c i e s .  A 
p l a u s i b l e  e x p l a n a t i o n  a n d  a means f o r  r emov ing  t h e  d i s c r e p a n c y  be tween  t h e  
e x p e r i m e n t a l  and  theoret . ica1 r e s u l t s  are s u g g e s t e d .  

A c t i v e  s p , e c i e s  c r e a t e d  i n  a f a s t  f l o v  of h e l i u m  by a micrdwave d i s c h a r g e  
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I n  t r oduc t i on 
Long l i v e d  r e a c t i v e  s p e c i e s ,  p r o d u c e d  when h e l i u m  g a s  is s u b j e c t e d  t o  a n  

e l e c t r i c a l  d i s c h a r g e ,  react w i t h  many o t h e r  g a s e s  and  g e n e r a t e  c h a r a c t e r i s t i c  
e m i s s i o n s  o f  v i s i b l e  l i g h t .  The n a t u r e  o f  some of t h e s e  c h e  i u m i n e s c e n t  
r e a c t i o n s ' h a s  been d i s c u s s e d  r e c e n t . l y  i n  a number o f  p a p e r s .  e-3 The r e a c t i o n  
w i t h  n i t r o g e n  g a s  p r o d u c e s + a n  i n t e n s 2  ! r igh t  b l u e  f l a m e  c o n s i s t i n g  o f  t h e  
f i r s t  n e g a t i v e  s y s t e m .  o f  N ( B - C  X C ).  With  oxygen a b r i g h t  y e l l o w - g r e e n  
f l a m t  i s  o b e e r v e d  d u e  t o  tze  ex!itatiofi  o f  b o t h  t h e + f i s s t  n e g g t i v , e  s y s t e m  o f  
O i ( b  2- -. a n ) a n d  t h e  s e c o n d  n e g a t i v , e  s y s t e m  o f  0 ( A  n I n  t h i s  
p a p e r  Be r e p o y t  t h e  r e s u l t s  o f  o u r  measu remen t s  o f  t h e  sFecial  g a r i a t i o n  o f  
t h e  e m i s s i o n  i n t e n s i t y  i n  a f a s t  f l o w  s y s t e m  f o r  v a r i o u s  f l o w  c o n d i t i o n s , a n d  
show how t h e s e  measu remen t s  c a n  be  u s e d  t o  e v a l u a t e  t h e  r a t e  c o n s t a n t s  f o r  
t h e  r e a c t i o n s  p o p u l a t i n g  t h e  e m i t t i n g  s ta tes .  

m a t i c a l l y  i n  F i g .  1. The r e a c t i o n  c e l l  c o n s i s t e d  o f  a p a i r  of c o n c e n t r i c  
p y r e x  t u b e s  13 a n d  25 mm 0.d. Helium f l o w e d  t h r o u g h  t h e  i n n e r  t u b e .  The 
t i t r a t i n g  g a s  was i n t r o d u c e d  i n t o  t h e  h e l i u m  stream v i a  t h e  o u t e r  t u b e  
t h r o u g h  e i g h t  1 mm d i a m e t e r  h o l e s  l o c a t e d  s y t m e t r i c a l l y  i n  t h e  w a l l  of t h e  
i n n e r  t u b e .  High v e l o c i t y  f l o w s  of a b o u t  10 cm/sec w e r e  m a i n t a i n e d  by  a 
m e c h a n i c a l  vacuum pump r a t e d  a t  425 l i t e rs / sec .  The f l o w  rates of t h e  g a s e s  
w e r e  measu red  u s i n g  a p a i r  o f  c a l i b  a t e d  c r i t i c a l  v e l o c i t y  o r i f i c e  f l o w m e t e r s  
d e s c r i b e d  by Ander sen  and  F r i edman .  The p r e s s u r e  i n  t h e  r e a c t i o n  c e l l  w a s  
t a k e n  as  t h e  a v e r a g e  v a l u e  measu red  by t w o  o i l  manomete r s  located a p p r o x i -  
m a t e l y  20 c m  u p s t r e a m  a n d  downstream from t h e  f lame zone.  The  t e m p e r a t u r e  
w a s  d e t e r m i n e d  i n  s e p a r a t e  e x p e r i m e n t s  by means of a f i n e  w i r e  t h e r m o c o u p l e  
s e a l e d  f r o m  t h e  o u t s i d e  w i t h  b l a c k  wax. The o b s e r v e d  t e m p e r a t u r e  w a s  d e t e r -  
mined p r i m a r i l y  by t h e  p r e s s u r e  o f  h e l i u m  i n  t h e  d i s c h a r g e ,  a n d  w a s  n e a r l y  
i n d e p e n d e n t  o f  t h e  n a t u r e  a n d  f l o w  r a t e  of t h e  a d d e d  g a s .  

The  d i s c h a r g e  $n t h e  h e l i u m  stream was e x c i t e d  by a 2450 Mc/sec c a v i t y  
o f  t h e  Evcnson t y p e ,  powered by a 125 W Raytheon  d i a t h e r m y  u n i t .  The c a v i t y  
w a s  l o c a t e d  85 mm u p s t r e a m  of t h e  i n j e c t i o n  h o l e s .  A m e t a l  s h i e l d  e x c l u d e d  
t h e  a c t i v e  d i s c h a r g e  f rom e x t e n d i n g  i n t o  t h e  f l a m e  zone .  

S p e c t r a  and  i n t e n s i t y  measu remen t s  were made w i t h  a 500 mm J a r r e l l - A s h  
E b e r t  s p e c t r o p h o t o m e t e r  u s i n g  a n . R C A  1P21 p h o t o m u l t i p l . i e r  t u b e .  A p a i r . o f  
l a r g e  c o n d e n s i n g  l e n s e s  s e r v e d  t o  f o c u s  t h e  image of a c r o s s - s e c t i o n  of t h e  
f l a m e  on  t h e  e n t r a n c e  s l i t .  The s p e c t r o p h o t o m e t e r  was mounted on  a t a b l e  
wh ich  c o u l d  be moved a t  c o n s t a n t  s p e e d  p a r a l l e l  t o  t h e  a x i s  o f  t h e  t u b e .  I n  
t h i s  way t h e  i n t e n s i t y  o f - t h e  f l a m e  w a s  r e c o r d e d  as a f u n c t i o n  o f  d i s t a n c e  
a l o n g  t h e  t u b e .  i 

2 +  

-. X n 1. 

A p p a r a t u s .  The r e a c t i o n  c e l l  a n d  a s s o c i a t e d  equ ipmen t  a re  shown s c h e -  
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A l l  gases were taken directly from the commercially available high pres- 

sure cylinders. The stated concentration of impurities in the helium tanks 
was 50 ppm, with N2 being the major contaminant. 

Interpretation of Data 
We assume that an excitTd heliyp) species X *  reacts with N 

the electronically excited N 
emitting a quantum of light,2as indicated by reactions ( 1 )  and ( 2 )  

or O2 to give 
or O2 , and the Latter immediately decays by 

8 +* 
X + N 2  - N 2  + x  

N a *  - N +  + h v  ( 2 )  2 
At this point the id ntity of X remains unspecified. X could be for 
example metastable 2 S helium atom, in whi$h case X represeqta a ground state 
He atom plus an electron. 
would then represent two ground state helium atoms. For simplicity w e  assume 
that under any one set of conditions only one excited helium species is 
dominant, although we can gxpect+geveral processes occurring simultaneously. 
The natural lifetime of N +  or 0 is short compared with the time scale of 
the experiment, and thus ?he emigsion intensity is proportional to the rate 
of reaction (I). If the concentration of nitrogen is uniform and constant 
along the tube, which should be the case after some distance of travel to 
effect complete mixing, the decgy in intensity with distance should parallel 
the decay in concentration,of X . ne therefore need to derive an expression 
f,or the concentration of X a s  a function of position. 

centration of X We assume 
tbat the two major mechanisms responsible for the decay of n are diffusion of 
X to the walls where n=O and the chemical reaction represented by Eq. (1). 
Under these conditions the rate of change of n is given by 

9 
Alternatively X could be the He2 molecule, and X 

U e  consider a semi-infinite cylinder of radius r . Let n be the con- 
and N the concentration of the addadogas, say N2. 

u = Dv2, - kNn ( 3 )  ax 
where u is the stream flow velocity, x is the axial coordinate, D is the dif- 
fusion coefficient of X , and k is the specific rate constant for reaction (1). 
Since transport along the axial direction by convcctio~~ is much greater than 
by diffusion, we need only  consider radial diffusion, and for this case the 
solution of the axial part of Eq. ( 3 )  is 

A ,  the characteristic diffusion length given by A = r /2.405, is obtainedfrom 
the solution of the ra la1 part of Eq. ( 3 )  using the gssumed boundary condi- 
tion n=O at the walls. The radial dependence of n ( x )  is taken care by 
the experimental arrangement, since the photomultiplier tube views an entire 
cross-section of the flame, and its response is proportional to the average 
intensity. The flow velocity u and the concentration N are calculated by 
Eqm. (5) and ( 6 )  

( 5 )  

N = (F,/IF)(p/RT) ( 6 )  

u = RTZF/pWro 2 

where p is the pressure, T is the temperature, FN is the flow rate of the 
added gas in molee/sec, and ZF is the total flow rate, which in these experi- 
ments is essentially equal to-the flow rate of helium. If the emitted inten- 
aity I ( x )  is proportional to n(x), it follows that a plot of An I c. x should - 

2 be a straight line with slope 
(Dopa) (2 .405 )2n  pr 

dx 760 XFRT + kW &&> FN ( 7 )  din1 - - z s  = 
~ ~. 

10 Eq (7) w e  make use  of the fact that D is inversely proportional to pressure 
and (D p ) is the diffusion coefficient at pressure 1 mm Hg. Using Eq (8) it 

0 0  



s h o u l d  b e  p o s s i b l e  t o  e v a l u a t e  k and  D p from t h e  v a r i a t i o n  o f  S w i t h  f l o w  
r a t e  of a d d e d  gas .  

0 0  

R e s u l t s  
v e a s u r e m e n t s  o f  i n t e n s i t y  VS. d i s t a n c e  were r e c o r d e d  f o r  n i t r o g e n  a t  

3915  A a n d  f o r  oxygen a t  5587 G n d  4116 8 .  
of i n t e n s e  v i b r a t i o n a l  b a n d s  o f  $ h e  f i r s t  n e g a t i v e  s y s t e m  o f  N 
a n d  s e c o n d  n e g a t i v e  s y s t e m s  o f  02. 
o v e r  t h i s  d i s t a n c e  t h e  i n t e n s i t y  v a r i e d  by n e a r l y  a f a c t o r  o f  100. P l o t s  of 
t h e  l o g a r i t h m  o f  i n t e n s i t y  x. d i s t a n c e  d e m o n s t r a t e d  a l i n e a r  b q h a v i o r  over a 
50 f o l d  c h a n g e  i n  i n t e n s i t y ,  as p r e d i c t e d  f rom Eq ( 7 ) .  N e g a t i v e  d e v i a t i o n s  
from l i n e a r i t y  o c c u r r e d  i n  t h e  r e g i o n  w i t h i n  0.5-1.0 c m  f r o m  t h e  i n j e c t i o n  
p o r t s ,  t h i s  n o  d o u b t  r e s u l t i n g  from i n c o m p l e t e  mix ing  of t h e  r e a c t i v e  g a s e s .  
The s l o p e s  o f  t h e  l i n e a r  p o r t i o n s  were p l o t t e d  a g a i n s t  t h e  f l o w  rate o f  t he  
added  g a s ,  a n d  t h e  r e s u l t s  a re  shown i n  F i g s .  2-4. I t  is e v i d e n t  t h a t  t h e a e  
c u r v e s  a re  n o t  l i n e a r  o v e r  t h e  r a n g e  of f l o w  r a t e s  c o v e r e d ,  as  e x p e c t e d  from 
Eq. 8, b u t  r a t h e r  show a p r o n o u n c e d  downward c u r v a t u r e .  We h a v e  p r o v i s i o n a l l y  
t a k e n  t h e  e x t r a p o l a t e d  i n t e r c e p t s  a n d  t h e  i n i t i a l  s l o p e s  a n d  u s e d  them t o -  
g e t h e r  w i t h  Eq. ( 7 )  t o  compute  t h e  r e a c t i o n  r g t e  c o n s t a n t  as w e l l  a s  t h e  
d i f f u s i o n  c o e f f i c i e n t  of t h e  e x c i t e d  s p e c i e s  X . The r e s u l t s  are  shown i n  
T a b l e  I.  The m a g n i t u d e  o f  t h e  r a t e  c o n s t a n t s  fns t h e  n i t r p g e n - f n d  oxygen 
r e a c t i o n s  a r e  c o m p a r a b l e  a n d  i n  t h e  r a n g e  o f  10 cc mole sec . T h e s e  r a t e  
c o n s t a n t s  a r e  v e r y  f a s t  i n d e e d  b e i n g  o f  t h e  o r d e r  o f  t he  c o l l i 6 i o n  f r e q u e n c y .  
The d i f f u s i o n  c o e f f i c i e n t s  ?re of t h e  r i g h t  o r d e r  o f  m a g n i t u d e  f o r  a n y  one o f  
t h e  e x c i t e d  h e l i u m  s p e c i e s ,  b u t  t h e  o b s e r v e d  t e m p e r a t u r e  dependence  is 
c l e a r l y  t o o  s t e e p .  

T h e s e  wave l e n g t h ?  are  t h e  h e a d s  
and  t h e  f i r s t  

2 .  T y p i c a l  f l a m e s  were 2-10 c m  I n  l e n g t h , a n d  

D i s c u s s i o n  
The  p r o c e d u r e  of u s i n g  i n i t i a l  s l o p e s  t o  e v a l u a t e  t h e  ra te  c o n s t a n t s  i n  

T a b l e  I i s  a d m i t t e d l y  q u e s t i o n a b l e  i n  v i ew o f  t h e  f a c t  t h a t  t h e  c u r v e s  i n  
F i g s .  2-4 d o  n o t  f i t  w e l l  t h e  model embodied i n  Eq. (8). A l t h o u g h  t h e  i n t e n -  
s i t y  o f  t h e  f l a m e s  d o e s  d e c a y  e x p o n e n t i a l l y  w i t h  d i s t a n c e ,  a n d  t h e  d e c a y  
c o e f f i c i e n t  i n c r e a s e s  w i t h  i n c r e a s i n g  f l o w  rate of a d d e d  g a s ,  t h e  i n c r e a s e  is 
n o t  1- inear .  D e v i a t i o n s  f r o m  l i n e a r i t y  a p p e a r  t o  b e  more p ronounced  a t  h i g h e r  
p r e s s u r e s  ( i .e .  h i g h e r  f l o w  r a t e s  of h e l i u m ) ,  p r e s u m a b l y  b e c a u s e  o f  s lower 
m i x i n g  o f  t he  r e a c t i v e  streams. T h i s  s u g g e s t s  t h a t  i n c o m p l e t e  n i x i n g  and  
non-un i fo rm c o n c e n t r a t i o n  o f  a d d e d  g a s  may b e  r e s p o n s i b l e  f o r  t h e  breakdown 
of t h e  mode l ,  even t h o u g h  t h e  method o f  i n j e c t i n g  t he  s e c o n d  g a s  i n t o  t h e  
h e l i u m  stream w i t h  a n  i n i t i a l  r a d i a l  component  o f  v e l o c i t y  s h o u l d  e n c o u r a g e  
f a s t  mix ing .  A t  t h e  l o w e r  f l o w  ra tes  o f  a d d e d  g a s  t h e  i n t e n s i t y  of t h e  flame 
d e c a y s  less r a p i d l y ,  and c o n s e q u e n t l y  i n t e n s i t y  m e a s u r e m e n t s  are  made f a r t h e r  
away from t h e  i n l e t  of t h e  s e c o n d  g a s .  Under t h e s e  c o n d i t i o n s  we e x p e c t  
m i x i n g  t o  b e  mora  n e a r l y  complete a n d  t h i s  is i n  f a c t  t h e  r a t i o n a l e  f o r  u s i n g  
t h e  i n i t i a l  p a r t  of t h e  c u r v e s  fo r  e v a l u a t i n g  t h e  ra te  c o n s t a n t s .  Ye c a n  
c h e c k  w h e t h e r  i n c o m p l e t e  m i x i n g  i s  i n d e e d  t h e  s o u r c e  o f  o u r  d i f f i c u l t i e s  by 
c h a n g i n g  t h e  s i ze  of t h e  i n l e t  holes  a n d  s e e i n g  w h e t h e r  t h e  i n t e n s i t y  p r o f i l e s  
a re  a f f e c t e d .  We are c u r r e n t l y  c a r r y i n g  o u t  t h e s e  e x p e r i a e n t m .  

we h a v e  n o t  c o n s i d e r e f  so far  t h e  i d e n t i t y  of t h e  e x c i t e d  h f l i u m  s p e c i e 8  
x C o l l i n s  a n d  R o b e r t s o n  h a v e  shown t h a t  t h e  u p p e r  s ta te  of N g i v i n g  ri e 
t o  t h e  b l y e  o m i s s i o n  is p o p u l a t e d  by r e a c t i o n  o f  N w i t h  b o t h  a e $ a s t a b l e  2 ’ s  
He a n d  He . + S i m i l a r l y  t h e y  h a v e  shown t h a t  t h e  u p p e r  states of b o t h  band  
s y s t e m s  of Oz are p o p u l a t e d  by  r e a c t i o n  o f  0 w i t h  2 3S He,+and  i n  a d d i t i o n  
t h e  u p p e r  s t a t e  of t h e  5587R s y s t e m  i s  a l so  p o p u l a t e d  by HeZ. D i f f e r e n c e 8  i n  
t h e  O2 t i t r a t i o n  c u r v e s  f o r  t h e  t w o  b a n d  s y s t e m s ,  p a T t i c u l a r l y  w i t h  r e g a r d  t o  
t h o  d i f f u s i o n  c o e f f i c i e n t s  a t  h i g h  pressures when He2 is d o m i n a n t ,  may r e s u l t  
f r o m  t h e  f a c t  t h a t  d i f f e r e n t  s p e c i e s  g i v e  r i s e  t o  t h e  e m i s s i o n .  More a c c u r a t e  
m e a s u r e m e n t s  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  are n e c e s s a r y  t o  r e s o l v e  t h i s  p o i n t .  

T h e r e  are v e r y  few m e a s u r e m e n t s  o f  t h e  r a t e  c o n s t a n t s  f o r  t h  se r e a c t i o n s  
w i t h  w h i c h  we may c o m p a f t  o u r  r e s u  ts. 
r a t e  c o n s t a n t  o f  4 x 10 cc mole sec f o r  r e a c t i o n  ( 8 )  

2 

2 

8 
P e h s e n f e l d  a n d  co-worRers r e p o r t  a - 1  





10; 

He: + N 2  -. 2He + h': ( 8 )  

whi!? Sholette and Muschlitz' iive values of 5-x 1013 and 11 x 1013 cc mole--' 
sec for the reactions (1) and (10) 

He(23S) + N 2  - He + N +  + e- 2 (9) 

He(Z3S) + O2 -.. He + 06 + e- ( 10) 

Our preliminary results are in quite reasonable agreement. 1 
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Table I 
0 

a. 

Run 

Titration with N2 at 3915 A 

T k x 
2 

P 
4 

x 10 F H c  
moles/sec mm Hg OK cc mole-lsec-l (cm scc )(mm Hg) 

1 6.93 2.70 363 2.1 374 
2 9-30 3.46 376 2.0 480 
3 16.1 ' 5.41 413 2.8 696 
4 30.6 9.64 480 4.2 2140 
5 39.6 12.1 508 4.4 3310 

b. Titration with O2 at 5587 (First negative system of 0') 2 
6 7.94 2-99 370 6.7 40 3 
7 16.1 5 - 3 6  409 8.4 543 
8 30.8 9.58 475 9.0 1660 
9 45.6 13.8 515 8.3 4030 

c. 

10 8.00 3.11 3 66 5.7 33 1 
11 16.1 5.40 418 5.3 643 
12 30.5 9.58 488 6.4 1020 
13 45.5 14.0 5 26 5.1 2140 

Titration with O2 at 4118 (Second negative system of O * )  
2 

f 


